(80-90%,) on vitamin Bn absorption was studied in the rat. The absorption of 5 ng of^'Co-labeled vitamin B1u was significantly reduced from 70 ±2.5% (mean +SE) in control and sham-operated rats to 32 ±2.6% in partially pancreatectomized rats. Hog pancreatic extract (0.17 g/kg) improved vitamin B12 absorption from 30.0 to 61.0% in partially pancreatectomized rats but did not alter vitamin B,2 absorption in control rats. Chloramphenicol did not enhance vitamin B12 absorption in partially pancreatectomized rats with pancreatic extractimproved vitamin B12 malabsorption. The partially pancreatectomized rats with pancreatic extract-improved vitamin B12 malabsorption were sacrificed and the stomach and small bowel studied in vitro to further define the pathogenesis of the vitamin B12 malabsorption. Rat gastric intrinsic factor stimulated vitamin B12 uptake by intestinal sacs prepared from partially pancreatectomized rats 3.1-fold. Gastric intrinsic factor prepared from partially pancreatectomized rats was as effective in promoting vitamin B12 uptake by rat intestinal sacs as intrinsic factor prepared from control rats. These data indicate that partially pancreatectomized rats develop an abnormality in the absorption of labeled vitamin B12 which can be corected by pancreatic extract. The vitamin B12 malabsorption is due to neither an alteration in gastric intrinsic factor activity nor an impairment of the intrinsic factor-vitamin B12 receptor in the intestine. It is suggested that in the partially pancreatectomized rats the intrinsic factor-vitamin B12 complex exists in a form which is not available for absorption.
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INTRODUCTION
Although several patients with pancreatic exocrine insufficiency have been noted to poorly absorb vitamin B,2 the importance of normal pancreatic function for optimal vitamin Bi absorption is generally not appreciated [1] [2] [3] [4] [5] . Furthermore, the pathogenesis of the observed vitamin B12 absorptive defect has not been clarified.
The relationship between the pancreas and the intestinal absorption of vitamin B12 was studied by measuring the absorption of this vitamin in rats subjected to partial pancreatectomy. The results demonstrate (a) that the partially pancreatectomized rat has a defect in vitamin B12 absorption, (b) that the administration of hog pancreatic extract restores vitamin B12 absorption to normal, (c) that intrinsic factor extracted from the gastric mucosa -of partially pancreatectomized rats stimulates vitamin Bn absorption in vitro, and (d) that gastric intrinsic factor stimulates vitamin B12 uptake in gut sacs prepared from partially pancreatectomized rats. These data indicate that partially pancreatectomized rats develop a defect in vitamin B12 absorption which is due to neither an alteration in gastric intrinsic factor activity nor to an impairment of the intrinsic factor-vitamin B12 receptor in the intestine.
METHODS
Animals. Male albino rats,' purchased in groups of 12, were delivered to our animal facilities weighing between 75 and 100 g and were allowed ad lib. stand-'Charles River Breeding Laboratories, Brookline, Mass.
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The Journal of Clinical Investigation Volume 51 1972 ard lab chow' and water. When they reached a weight of approximately 130-150 g rats were selected at random for pancreatic surgery while others served as sham-operated or unoperated controls. Surgery. Partial pancreatectomies were performed as described by Scow (6) . In brief, rats were fasted for 18-20 hr and anesthetized by intraperitoneal pentobarbital (40 mg/kg). The abdomen was entered via a mid-line incision and the pancreas exposed. The rat pancreas consists of three major segments; the gastrosplenic segment comprises 70% of the total pancreatic mass, the duodenal segment nestled in the medial aspect of the duodenal loop contributes about 25%, and the small biliary segment surrounding the bile duct constitutes approximately 5% of the total pancreatic mass. The entire gastrosplenic and a variable portion of the duodenal segment were stripped by rolling small cotton swabs across the parenchyma but the biliary segment was allowed to remain intact; thus 80-90% of the pancrease was extirpated. Sham operations were performed in a similar manner except that the pancreas was manipulated rather than excised. A minimum period of 2 wk elapsed before absorption studies were performed. Operated rats lagged behind the growth rate of control animals for 5-7 days but by the beginning of the second postoperative week the absolute weight and rate of growth were comparable in both groups.
Vitamin B1s absorption studies. 1 ml of Bn,-_'Coe containing 5 ng of vitamin B1, (13) (14) (15) /uCi//Lg) was administered via a gastric tube to rats having access to only water for 12 hr. The rats were placed in restraining cages' that allowed for complete separation of urine and feces. 2 hr after gastric intubation the rats were allowed free access to food and water. Stools were collected for 4-5 days at the end of which time less than 1% of the orally administered dose appeared in the stool per day.
Effect of pancreatic extract on vitamin B1s absorption.
Hog pancreatic extract' (0.17 g/kg) was administered via gastric tube immediately after the labeled vitamin B1,.
Effect of chloramphenicol on vitamin B, absorption.
Chloramphenicol ' was added to the drinking water for 5 days before and during the 5 days required to complete the vitamin B12 absorption studies. Each rat ingested from 50 to 75 mg of chloramphenicol per day. Vitamin Bi, uptake by everted rat gut sacs. Rats were sacrificed by decapitation and the small bowel from the ligament of Treitz to the ileocecal valve was perfused in situ with 0.9% NaCl at room temperature. The mesentery was removed and the gut was divided into four quarters beginning at the ligament of Treitz. All but the third quarter was discarded. This segment was everted on a metal probe and gut sacs were prepared as previously described (7) . The sacs were filled with Krebs-Ringer bicarbonate (8) and incubated separately in Erlenmeyer flasks containing 2 ml Krebs-Ringer bicarbonate with 100 mg/100 ml D-glucose and 1 ng/ml B2-'7Co. Rat intrinsic factor (IF) was prepared by scraping the mucosa of the glandular portion of the stomach and homogenizing in saline. 0.1 ml of homogenate (containing 5 mg wet weight of gastric mucosa) was 'Wayne Lab-Blox, Allied Mills, Inc., Chicago, Ill. 
Partially Pancrea tectomized (27) FIGURE 1 Vitamin B1,2 absorption in control, sham-operated, and partially pancreatectomized rats, means +ss.
added to alternate flasks. Incubation was carried out in a oscillating water bath for 1 hr at 37'C. The sacs were removed, drained, rinsed briefly in ice-cold saline, weighed, and counted. Results were expressed as nanograms of vitamin Bo accumulated by the sac per gram wet weight per hour.
Fecal fat analyses. Partially pancreatectomized rats and control rats were placed in metabolic cages for 3-6 days.
Quantitative measurement of the food intake and stool output were made. Stool and food were analyzed for fatty acid content by the method of Van absorption was assessed over a 5 month period during which time body weight increased from 100 to 400 g. As shown in Fig. 2 , all four control rats absorbed greater than 50% of the administered dose while vitamin B1n absorption was consistently less than 50% in the partially pancreatectomized rats. The ability to absorb vitamin B1. in a given rat was quite reproducible during the study period. No value departed by more than 16% from the mean value obtained from averaging all studies performed in a given rat over a 5 month period.
Effect of pancreatic extract on vitamin Be. absorption. Hog pancreatic extract (0.17 g/kg body weight) was administered concurrently with labeled vitamin B1. to 26 partially pancreatectomized rats. Absorption increased from 33.2 ±2.6% to 57.8 ±2.4% of the administered dose (P < 0.01) (Fig. 3) tectomized rats in which pancreatic extract failed to improve vitamin B12 absorption (Fig. 4) Fecal fat excretion in control and partially pancreatectomized rats. As shown on Table I , when fed a diet containing 5.3% fat, there was no significant difference in the coefficient of absorption between control and pancreatectomized rats.
Stomach to anus transit time in control and partially pancreatectomized rats. As shown in Fig. 5 , the rate at which the labeled chromate appeared in the stool was comparable in partially pancreatectomized and control rats.
Ability of intestinal sacs from control and partially pancreatectorntized rats to respond to gastric intrinsic factor in vitro. Four partially pancreatectomized rats with impaired vitamin B12 absorption (mean of 29% of the administered dose) whose vitamin B12 absorption was improved with pancreatic extract (to a mean of 65%) were sacrificed. Everted sacs were prepared from the mid-gut and incubated either with labeled vitamin B12 or vitamin B12 and rat gastric intrinsic factor (prepared from unoperated rats). As shown in Table II The number in parentheses denotes the number of sacs studied.
Comparison of gastric intrinsic factor prepared from unoperated rats with intrinsic factor prepared from partially pancreatectomized rats. When rat intrinsic factor obtained from gastric homogenates from partially pancreatectomized rats was added to intestinal sacs prepared from control rats, the stimulation of vitamin B12 uptake was comparable to the enhancement of uptake obtained with intrinsic factor prepared from control rats (Table III) .
DISCUSSION
The present schema for vitamin B1n absorption envisages the ingestion of vitamin B12 (actually coenzyme B12 bound to protein [10] [11] [12] [13] ), release from its protein bond as a result of proteolytic digestion in an acid medium, binding to intrinsic factor in the stomach or upper portion of the small bowel (14) (15) (16) , passage down the small bowel, attachment of the IF-B12 complex to a specific receptor located in the brush border of the ileal epithelial cell (17) (18) (19) (20) (21) , and eventual release of the vitamin into the portal circulation unaccompanied by IF (22, 23) . In addition a factor elaborated by the pancreas may be an obligatory requirement for optimal vitamin Bi2 absorption. Such a feature has been suggested by the observation that among patients with unexplained vitamin B12 malabsorption (measured by the urinary excretion test [24] ) were several with pancreatic insufficiency (1, 2) . The pathogenesis of the observed vitamin B12 absorptive defect has not been clarified, although the improvement in vitamin B12 absorption after sodium bicarbonate administration suggested that an increased hydrogen ion concentration in the ileal lumen accounted for the malabsorption (3). However, the improvement in vitamin B12 absorption after the administration of pancreatic extract for several days (3) or as a single dose concomitant with the labeled B12 (5) cannot be explained on the basis of altered luminal pH. Furthermore, the pH of the ileal contents of subjects with pancreatic insufficiency and vitamin B12 malabsorption was similar to that of patients with pancreatic insufficiency and normal vitamin Bn absorption and to that of normal volunteers (5) . Calcium ions have also been demonstrated to be necessary for IF-mediated vitamin B1 uptake in vitro (25, 26) . It has been suggested that in severe fat malabsorption large amounts of calcium soaps may form to lower the intraluminal concentration of ionic calcium to levels too low to allow for the vitamin BUF-IF complex to attach to the ileal receptors (27) (28) (29) . However, the total calcium concentration in the ileal aspirates was similar in subjects with pancreatic insufficiency with normal or abnormal vitamin B12 absorption or in normal volunteers (5) .
The data in this study indicate that rats subjected to 80-90% pancreatectomy absorbed signicantly less orally administered labeled vitamin B12 compared to control and sham-operated animals. The partially pancreatectomized rats appeared healthy, had a growth rate comparable to control rats (data not shown), and in accord with the results of previous authors showed no evidence of fat malabsorption (30) . Since the rate at which a nonabsorbable marker (sodium chromate) appeared in the stool after intragastric instillation was similar in partially pancreatectomized rats and control rats, differences in the rate of movement down the small bowel would appear to be an unlikely explanation for the vita- To determine whether the observed defect in vitamin B12 absorption was related to a specific deficiency of a pancreatic factor or to bacterial overgrowth consequent to small bowel manipulation, the effect of pancreatic extract and a broad spectrum antibiotic (chloramphenicol) on vitamin B12 absorption were compared. When pancreatic extract was administered to 26 partially pancreatectomized rats, vitamin B12 absorption was noted to increase in 21 (from a mean of 30 to 61% of the administered dose) and remained unchanged or decreased in five rats. Nine randomly selected rats with pancreatic extract-improved vitamin B12 absorption were placed on chloramphenicol. Vitamin B12 absorption increased slightly (although not significantly at the 5% level). Control and sham-operated rats also exhibited a slight although statistically insignificant increase in vitamin B12 absorption when chloramphenicol was added to their drinking water. Improvement in vitamin B12 absorption in rats after chloramphenicol administration has been observed by others (32) . When chloramphenicol was administered to four partially pancreatectomized rats that failed to show improvement in vitamin B12 absorption with pancreatic extract, the absorption of this vitamin improved 38% (from a mean of 50 to 68.8%). The latter value is in the range for vitamin B12 absorption observed in unoperated rats. It is of interest that the partially pancreatectomized rats that responded to pancreatic extract had a more severe impairment of vitamin B1a absorption (30%) as compared to partially pancreatectomized rats that failed to improve with pancreatic extract (50%). Thus, rats subjected to a 80-90% pancreatectomy consistently absorbed vitamin B12 poorly and could be segregated into two distinct groups based on their responses to pancreatic extract and chloramphenicol. One group consisted of a small number of rats that had a modest impairment of vitamin B12 absorption. Vitamin B12 absorption in this group failed to improve with pancreatic extract but was restored to values observed in control rats after chloramphenicol administration. Presumably, the mechanism of vitamin B12 malabsorption in this group was related to bacterial overgrowth secondary to surgery. Most rats subjected to a partial pancreatectomy fell into a second category characterized by a more severe defect in vitamin B12 absorption that improved with pancreatic extract but was not altered by the administration of a broad spectrum antibiotic. In these rats vitamin Bu2 malabsorption was apparently secondary to a deficiency of a factor elaborated by the pancreas.
There are a number of possible mechanisms by which a pancreatic factor may influence vitamin B12 absorption. Studies of gastric intrinsic factor and intestinal sacs from partially pancreatectomized rats with pancreatic extract-improved vitamin B12 malabsorption allowed for further definition of the pathogenesis of the vitamin Bn absorptive defect. First, a pancreatic factor may be required to interreact with either the vitamin B12 binding site of intrinsic factor or the site on the intrinsic factor molecule that attaches to the receptor in the brush border of the ileal epithelial cell. Evidence against the pancreatic factor acting directly upon intrinsic factor was obtained from the observation that vitamin B12 uptake in intestinal sacs prepared from control rats was stimulated by rat gastric intrinsic factor obtained from partially pancreatectomized rats. Second, a pancreatic factor may be required to modify the intestinal receptor in order for it to combine with the intrinsic factor-B12 complex or the receptor may be synthesized by the pancreas and secondarily attached to the brush border (33) . This also seems unlikely since vitamin B12 uptake by intestinal sacs from partially pancreatectomized rats with vitamin B12 malabsorption was readily stimulated by intrinsic factor prepared from gastric homogenates of control rats. Third, there is evidnce that vitamin B12 may form complexes in the gastrointestinal tract (34) (35) (36) (37) , which may not be readily absorbed. The malabsorption observed in partially pancreatectomized rats may be explained by the failure to maintain the intrinsic factor -B12 complex in a form that is available for absorption (37) . Alternatively, an inhibitor to intrinsic factor-mediated vitamin B,2 absorption (38) may be present whose activity is maintained at a minimal level by a normal supply of a component of the pancreatic secretion. In the partially pancreatectomized rats, the activity of this inhibitor may suffice to impair vitamin B12 absorption. Finally, the surgical procedure may have altered the enterohepatic circulation of vitamin B12 (39) leading to an expansion of the vitamin B12 pool in the upper gastrointestinal tract of partially pancreatectomized rats. The orally administered labeled cyanocabalamin would therefore be diluted in a larger pool of nonradioactive vitamin B12 in partially pancreatectomized rats as compared to controls and would lead to the observed differences in the absorption of labeled vitamin B12.
These results indicate that partial pancreatectomy in the rat induces a defect in the absorption of labeled vitamin B12 which was corrected by the administration of exogenous pancreatic extract. This animal model should prove useful in determining the pathophysiology of the vitamin B12 malabsorption (as measured by the urinary excretion test) associated with pancreatic exocrine insufficiency in the human.
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